Introduction
The response of aquatic plants to changing environmental conditions is often used to determine the health of a river habitat. Macrophytes in particular are recognized as sensitive indicators of eutrophication because they react to various forms of nitrogen and phosphorus concentrations in the water [1] [2] [3] [4] [5] [6] [7] [8] . Several studies have revealed relationships between macrophyte distribution and acidification [2, 8, 9] salinization [10] , alkalinity [2, 8] , conductivity [2, 5, 11] , heavy metal pollution [12] and hydromorphological degradation [3, 13] .
Currently macrophytes are formally used as indicators of ecosystem health and so are a critical part of monitoring river degradation under the Water Framework Directive [14] . Several systems based on aquatic plants have been developed for the purpose of river monitoring and some of these have been integrated into national monitoring programs, e.g. in Germany [15] , France [3, 16] , the UK [4, 17] , Denmark [18] and Poland [19, 20] . As almost all of the river health monitoring systems using macrophytes in EU member countries are based on species indicator values expressed on a numerical scale or category values, field procedures are quite similar throughout Europe.
The Polish macrophyte system for river monitoring was implemented in 2007 and is also based on a numerical index, the Macrophyte Index for Rivers (the MIR) [19] . This index is derived from both the Mean Trophic Rank (the MTR) and the Macrophyte Biological Index for Rivers (the IBMR) systems, and uses information from 153 species comprising 103 vascular plants, 3 pteridophytes, 30 bryophytes and 17 algae taxa [20] .
In this study, we attempted to determine the most important ecological factors driving macrophyte development in an agricultural area. Our analyses focused on macrophyte development in the catchment of a lowland river in an agricultural area. Typically, rivers which flow through agricultural areas are characterized by high concentrations of chlorophyll-a, total phosphorus, phosphates, nitrates or pesticides in the water [21, 22] . In addition, the majority of nutrients of inland waters is believed to come from agriculture [23] and that the degradation also affects estuaries and marine environments, among them the Baltic Sea [24] .
While these tools for assessing river health are widely used, the process of river degradation is complex, as it involves a host of physical, chemical and ecological factors. For example, river degradation may include excessive algal growth, alteration of food webs, reduced water oxygen levels, pH changes and shifts in the macrophyte community structure [25] . As well, increases in concentrations of nutrients in the water (particularly phosphorus) create important interactions between these nutrients and available light, water velocity and water retention-time of rivers [26] . Increasing water pollution may stimulate macrophyte growth in the river beds, thus creating physical impedences of water flow, and enhancing flood risk [27] . These characteristics of river degradation in agricultural areas in Poland have been observed in other lowland parts of Europe. For example, in northwestern European countries (Norway, Sweden, the United Kingdom and Ireland), the amount of total phosphorus transported in small agricultural streams ranges from 0.3 to 6.0 kg/ha per year, implying that agriculture is a major phosphorus contributor to inland and coastal waters in these countries [28] .
The nonpoint sources of waterborne nitrogen is the main anthropogenic source of nitrogen in the Baltic Sea catchment area. This constitutes 71% of the total nitrogen load into the surface water. Agriculture alone constitutes about 80% of this total diffuse load. It was estimated that in 2006, the riverine and direct point sources loads of total nitrogen amounted to about 150,000 t in Poland, 120,000 t in Sweden and 50,000 t in Denmark, and that the loads of total phosphorus in these countries amounted to about 10,000 t, 3,500 t and 1,500 t, respectively [24] . Certainly, the eutrophication of lowland rivers in agricultural areas is a problem not only in Poland but also anywhere in Europe and worldwide [26, 29, 30] .
Here we describe our findings from the calculation of the collection several botanical estimates using plant data according to the approach applied in most European countries obtained from different sections of the river catchment. Through the use of the Polish macrophyte method, we relate the botanical database to environmental variables to tease out the major ecological factors driving macrophyte development in an agricultural area. We hypothesize that the Polish macrophyte method will properly reflect the ecological status of a river that has been subjected to eutrophication.
Experimental Procedures

Study area
The Wkra River, which is a tributary of the Narew River, has a total length of 249.1 km and a catchment area of 5,322 km 2 . The catchment area investigated consists of the Wkra River and its 4 tributaries: the Mławka River (total length of 43.4 km), the Łydynia River (total length of 72.0 km), the Sona River (total length of 63.7 km) and the Raciążnica River (total length of 56.9 km). The system flows through an agricultural area of the Polish Lowlands (North Mazovian Lowland). Arable land comprises most of the catchment area of the Wkra River, whereas forests comprise 20%. The valley of the lower course of the Wkra River has been included into the European Ecological Natura 2000 Network Programme of protected areas. In total, 18 sampling sites were chosen within the survey area (the Wkra River and its 4 tributaries ( Figure 1) . Details of the locations of the sampling sites and the dominating substrate of the channel are presented in Table 1 .
Methods
The survey of macrophytes was carried out in August 2008 according to the Polish macrophyte method [20, 31] and included a calculation of the Macrophyte Index for Rivers values (the MIR). Surveys were conducted during the main vegetation period in summer (August) and included the identification of all submerged, free-floating, amphibious and emergent monocotyledonous and dicotyledonous plant species, as well as pteridophytes, bryophytes and filamentous algae. The surveys also included macrophytes attached or rooted in parts of a river which are likely to be submerged for more than 85% of the year. The presence of each macrophyte species within a standard survey river length of 100 m was recorded together with their percentage of cover using the ninepoint species cover value (Pi): 1 (<0.1%), 2 (0.1-1.0%), 3 (1.0-2.5%), 4 (2.5-5.0%), 5 (5.0-10.0%), 6 (10.0-25.0%), 7 (25.0-50.0%), 8 (50.0-75.0%) and 9 (>75.0%). Macrophytes were identified to species level according to [32] and [33] .
The value of the Macrophyte Index for Rivers (the MIR) was calculated according to the following formula:
where MIR represents the value of the Macrophyte Index for Rivers, L i is the indicator value of species i, W i is the weighting factor of species i according to the three-point scale of ecological amplitude of species, and P i is the cover value of species i according to the nine- Table 1 . Location of the sampling sites and type of substratum: the Wkra River (W1-W9), the Sona River (S1-S2), the Łydynia River (Ł1-Ł3), the Raciążnica River (R1-R2), the Mławka River (M1-M2).
point abundance species cover value. The value of the MIR ranges from 10 (the most degraded river) to 100
(in the case of lowland rivers, the value of the MIR does not exceed 60). Additionally, several other metrics were calculated using data from this Polish survey method. These included total cover by macrophytes (%), total number of species and the Shannon-Wiener index H' [34] . Water samples were collected in August 2007, and both June and August 2008 from each sampling site. Analyses of the physical and chemical parameters of the water, e.g. conductivity, temperature, pH and dissolved oxygen were measured in the field using a portable pH/EC/TDS/°C meter and a portable waterproof dissolved oxygen meter. Analysis of nitrites (adaptation of the EPA method 354.1), nitrates (adaptation of the cadmium reduction method), phosphates (adaptation of the ascorbic acid method) content in the water and alkalinity (acidimetric titration against phenolphthalein or mixed indicator), and hardness (adaptation of the EPA method 130.1.) were carried out in the laboratory. Analyses of the content of chlorides were carried out according to the titrimetric determination using a mercury nitrate solution (mercurimetric determination).
The width of the river and the surface velocity of the water at each sampling site were measured according to methods by [34] .
Statistical analysis
Redundancy analysis (RDA)
Canonical ordination analyses for relating biological data (i.e., species composition of macrophytes, macrophyte indices and the number of species) to environmental variables (i.e., the physical and chemical parameters of water, surface velocity and river width) were carried out using CANOCO for Windows version 4.5 [35] . The appropriate type of analysis (redundancy analysis) was chosen to analyze the biological data using DCA (Detrended Correspondence Analysis) and the length of the gradient. Preliminary DCA on the biological data revealed that the gradient length was less than 3 SD (the standard deviation), indicating that the biological data exhibited linear responses to underlying environmental variables. This relationship justified our use of linear multivariate methods, and so a linear direct ordination RDA with a forward selection was used for the reduction of the large set of environmental variables. Species that occurred in less than 10% of the sampling sites were down-weighted. The statistical significance of the relationship between the biological data and the environmental variables was evaluated using the Monte Carlo permutation test (499 permutations). Both the biological and environmental data were log-transformed [35] .
Results
The physical and chemical parameters of the water
Water pH was higher in the Wkra River than in its tributaries. Water conductivity was also very high in both the Łydynia and Sona River. High concentrations of phosphates were measured in the tributaries of the Wkra River, particularly in the Mławka River (up to 17.0 mg L -1 ) and Łydynia River. Higher concentrations of nitrates was recorded in the Wkra River compared to its tributaries. Values of alkalinity ranged from 155 to 280 mg CaCO 3 L -1 in the Wkra River and Sona River respectively. Oxygen concentrations in the water were relatively low at some sampling sites (Table 2) . 
The values of macrophyte metrics
In total, 50 macrophyte taxa were recorded during the survey. Most of these taxa (39) Values of the Shannon-Wiener index H' ranged from 2.27 (sampling site W9) to 4.08 (sampling sites S1 and R1) ( Table 3) . Along the Wkra River, the values of the Shannon-Wiener index H' showed both a decreasing and increasing tendency. Low values of the H' index were recorded in sampling sites located in the head (sampling site W1) and mouth of the Wkra River (sampling site W9).
The total cover of the river bed by macrophytes ranged from 27% (sampling site W9) to 95% (sampling sites S2 and R1). The values of the MIR ranged from 32.3 (sampling site S2) to 41.4 (sampling site R1) ( Table 3) . MIR values fluctuated along the river, with values in the upper course of the Wkra River reaching 40.7 (sampling site W1). According to the values of the MIR, the quality of the water is better in the Wkra River than in its tributaries.
Redundancy analysis (RDA)
RDA analysis based on the biological data and environmental variables determined that the first and second axis explain 32.9% of the variance in the species data and 42.07% of the variance in the species and environment relationship. The pH (P=0.024) and alkalinity (P=0.026) were the parameters most highly correlated (statistically significant according to the forward selection results) with the distribution of macrophytes and the values of macrophyte indices. Overall, two different patterns of macrophyte distribution were found. Amblystegium riparium (Hedw). Schimp., Table 3 . The values of macrophyte metrics and the total cover by macrophytes on the sampling sites. MIR values were negatively correlated with alkalinity, whereas the total coverage by macrophytes (%), the number of species and the values of the Shannon-Wiener index H' were positively correlated with conductivity ( Figure 2) . The relationship between 
dem -Ceratophyllum demersum; E.pal -Eleocharis palustris; E.can -Elodea canadensis; Ent -Enteromorpha sp.; Eq.pal -Equisetum palustre; F.ant -Fontinalis antipyretica; G.flu -Glyceria fluitans; G.max -Glyceria maxima; H.pal -Hottonia palustris; H. m-ra -Hydrocharis morsus-ranae; L.min -Lemna minor; L.tri -Lemna trisulca; M.spi -Myriophyllum spicatum; N.lut -Nuphar lutea; P.cri -Potamogeton crispus; P.luc -Potamogeton lucens; P.pec -Potamogeton pectinatus; P.per -Potamogeton perfoliatus; P.pra -Potamogeton praelongus; R.amp -Rorippa amphibia; R.hyd -Rumex hydrolapathum; S.sag -Sagittaria sagittifolia; S.lac -Schoenoplectus lacustris; S.syl -Scirpus sylvaticus; S.umb -Scrophularia umbrosa; S.lat -Sium latifolium; S.eme -Sparganium emersum; S.ere -Sparganium erectum; S.pol -Spirodela polyrhiza; S.pal -Stachys palustris; T.lat -Typha latifolia; V.a-aq -Veronica anagallis-aquatica; % cov -the total cover by macrophytes; no
Discussion
Diversity of aquatic macrophytes as assessed in this study was relatively high in the Wkra River catchment (agricultural area, Central Poland). The total number of species should be adequate for monitoring based on macrophytes, as indicated by a previous study which found a similar number of macrophyte taxa (48) and species (8) (9) (10) (11) (12) [36] , and was able to determine stream type in lowland mid-sized streams.
This research obtained a wide range of values of the Shannon-Wiener index H' at the surveyed sampling sites. This index was low when the analysis based on indicative species. Our reported H' values were relatively high compared to previous literature [19, 37] , although this difference was caused by the uniform relative abundance of species as well as the high species richness in the current study, as [37] recorded only 8 species of vascular plants per sampling site in Slovakia.
Total cover of the river bed by macrophytes was highly variable, ranging from 27% to 95%. This variability reflects a common pattern of macrophyte coverage in lowland rivers, and is similar to that described by [38] in Danish streams (cover ranging from 25% to 100%) and [39] in agricultural streams in the USA (0-91%). In some sites, however, the macrophyte total cover of the river bed was lower, but this is not unusual in other mid-sized lowland streams, as, for example in Latvia [36] (19-46%) .
The MIR allows estimation of the ecological status of running waters in Poland [19] . MIR values obtained here indicate that the Wkra River and its tributaries have a good and moderate ecological status (the Water Framework Directive scale) of rivers. However, we believe the MIR index to overestimate river health in some cases. The MIR is currently under EU intercalibration and the existing classification should not be treated as final. Moreover, the final form of river classification based on all biological methods according to WFD is not clear. If the rule 'one out-all out' is implemented (the status of a river is determined by the lowest value of the quality elements used), any classification based on individual components must be treated very cautiously.
The physical and chemical analysis of the water of the Wkra River and its tributaries showed that the river sections surveyed are strongly differentiated, especially in regard to nutrient content. The nutrient loads in the water were generally high, although most of sites represent eutrophic conditions compared to impacted [30] or unaffected lowland rivers in Poland in which the concentration of nitrates was below 1 mg L -1 [19] . However, water conductivity in some sections of the Wkra River catchment was similar to those obtained by [19] for unimpacted lowland rivers (<0.6 mS cm -1 ). Results of the RDA ordinations suggested that pH, alkalinity and conductivity were the most predictive parameters of macrophyte distribution. Some species (e.g., elodeids such as Potamogeton perfoliatus, Potamogeton pectinatus or Potamogeton lucens) were more likely to be present at higher alkalinity, whereas Elodea canadensis was found more often at low alkalinity. Distribution of other species were more closely correlated with pH.
Previously, a clear relationships between the distribution of macrophytes and pH was shown by [40] . Water pH may have strong influence on membrane function, cell regulation and ion solubility, as well as alkalinity or conductivity. Among these variables alkalinity, and therefore bicarbonate, is likely most relevant, as both conductivity and pH are both closely tied to bicarbonate concentrations. These environmental variables (i.e., conductivity, alkalinity and pH) are dependent on each other and must be considered together to avoid erroneous conclusions. In rivers, the bicarbonate buffering system is mainly responsible for alkalinity. Alkalinity is a measure of the capacity of the solution to neutralize acid through binding with carbonate and bicarbonate in that solution. At a pH below 4.5 only CO 2 and H 2 CO 3 are present. At pH above 4.5, dissociation of H 2 CO 3 occurs and form bicarbonate and carbonate. At pH 7-9, bicarbonate predominates, whereas carbonate occurs mainly at high pH values [41] . Conductivity is a measure of total dissolved ions including bicarbonates. In rivers, greater distribution of mosses is correlated with lower values of alkalinity (below 50 mg CaCO 3 L -1 ), whereas the greater distribution of Potamogeton perfoliatus, Potamogeton pectinatus and Enteromorpha is correlated with higher alkalinity (from 170 to 250 mg CaCO 3 L -1 ) [10] . Our survey confirmed that Fontinalis antipyretica (mosses) was negatively correlated with alkalinity.
Photosynthesis and macrophyte growth depend on bicarbonate concentrations as well as on ratios of bicarbonate to carbon dioxide in water. This can be due to, for example, the capacity of some species within the genus Potamogeton to utilize carbonate in addition to bicarbonate as a carbon source for photosynthesis [42] . However, elodeids utilize bicarbonate as a carbon source for photosynthesis, while most mosses are unable to utilize any form except free CO 2 [40] . Alkalinity is mainly determined by the bicarbonate content and is closely related to conductivity, the sum of cations and hardness. At a low alkalinity, limitations to rates of photosynthesis in elodeids may mean insufficient oxygen to below-ground tissues and too little carbohydrates to sustain anaerobic fermentation in roots, while higher rates of photosynthesis at high alkalinities may promote root performance and reduce the stress of organic sediment enrichment [43] . Thus, the different modes of carbon use within groups of macrophytes have clear implications for their distribution in freshwater ecosystems with different bicarbonate concentrations and may explain the correlation between macrophytes and the physical or chemical parameter of river waters in our survey.
According to [42] , species within Lemnaceae, including Lemna trisulca and Lemna minor, tolerate lower pH and were found in waters with a pH of 6.0. When pH increases, some elements (e.g., iron and manganese) precipitate out of water into sediments and therefore are not available for Lemnaceae. Our survey confirmed the negative correlation between the distribution of Lemna trisulca and pH. Interestingly, Lemna minor is considered as a good indicator of higher conductivity [5] , and our findings substantiated this claim through the positive correlation between the distribution of Lemna minor and conductivity. In this way, our findings of the relationships between distribution and water chemistry provide insight into the physiology of macrophytes.
A novel finding of this survey showed that even if the concentration of phosphates and nitrates in the water are relatively high, non-nutrient parameters may play an important role in explaining aquatic plant differentiation in the Wkra River catchment.
The role of alkalinity, pH or conductivity as ecological drivers differentiating plant development has been reported in many river systems in Europe [2, 44, 45] , using ordination methods, and typically demonstrate that the most important environmental factor influencing occurrence of macrophytes in rivers is conductivity. Several other analyses have confirmed the importance of alkalinity and pH as well as conductivity in explaining the environmental pattern of macrophyte distribution [5, 8, 11] .
In summary, the main environmental gradient of running waters in the Wkra River catchment which are strongly associated with pH and alkalinity result in a significant influence on the distribution of macrophytes.
While previous research ( [36] and [46] ) suggesting that water velocity, depth, and distance from the river bank were important parameters affecting occurrence of macrophytes in rivers, our research did not coraborate these conclusions. In the Wkra River and its tributaries, these parameters were not significantly correlated with macrophyte distribution. We also did not detect a significant correlation between macrophyte distribution and indices of nutrient concentrations in the waters of the Wkra River catchment, although this is not surprising as, according to [10] , the distribution of macrophytes in rivers is correlated to a higher degree with velocity and depth than with nutrient concentrations. Possible explanations for a lack of effect of nutrient concentrations could be related to the influence of other factors including light, sediment type and texture, herbivory or current velocity, which could confound the association with nutrients [41] .
This survey also showed a negative correlation between the values of the MIR and alkalinity and a positive correlation between the Shannon-Wiener index H', the total cover by macrophytes in river beds, the number of species and conductivity as well as a lack of any correlation with nutrients. This novel finding is in contrast to [7, 47] , who recorded a correlation between the values of macrophyte indices and the concentration of nutrients in the water.
Conclusions
The Polish macrophyte method, which includes a calculation of the Macrophyte Index for Rivers values (the MIR), has been implemented according to the European Union Water Framework Directive requirements. This work is the first to use the the Polish macrophyte method on rivers in an agricultural area with high concentrations of nitrates and phosphates in the water (up to 11.0 mg PO 4 3-L -1 ) (the Wkra River catchment, Central Poland). Calculated values of the MIR in the Wkra River and its tributaries generally suggested that these waters should be classified as in good and moderate ecological status. Water pH and alkalinity were most highly correlated with distribution of macrophytes and MIR values. The results of this survey clearly show that non-nutrient parameters can play an important role in determining aquatic plant occurrence even in rivers that have been subjected to eutrophication and with relatively high concentrations of nutrients.
